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Abstract: Three new phenylacetylene monomers having one or two carbamate groups were
synthesized and polymerized by using (Rh(norbornadiene)Cl)2 as an initiator. The resulting polymers
had very high average molecular weights (Mw) of 1.4–4.8 × 106, with different solubility and
membrane-forming abilities. The polymer having two carbamate groups and no hydroxy groups in
the monomer unit showed the best solubility and membrane-forming ability among the three polymers.
In addition, the oxygen permeability coefficient of the membrane was more than 135 times higher
than that of a polymer having no carbamate groups and two hydroxy groups in the monomer unit
with maintaining similar oxygen permselectivity. A better performance in membrane-forming ability
and oxygen permeability may be caused by a more extended and flexible cis-transoid conformation
and lower polarity. On the other hand, the other two new polymers having one carbamate group and
two hydroxy groups in the monomer unit showed lower performances in membrane-forming abilities
and oxygen permeabilities. It may be caused by a very tight cis-cisoid conformation, which was
maintained by intramolecular hydrogen bonds.

Keywords: polyphenylacetylene; cis-cisoid conformation; cis-transoid conformation; carbamate
group; membrane-forming ability; solubility; oxygen permeation membrane

1. Introduction

π-Conjugated polymers like polyacetylenes [1–3] have aroused interest because of their noteworthy
physical properties, such as conductivity, organomagnetism, and optical nonlinear susceptibility.
Among them, poly(substituted acetylene)s such as poly(substituted phenylacetylene)s are useful
because of their stability in the air, possibility of a variety of derived structures, and good performances
as separation membrane materials [4–12]. Poly(substituted phenylacetylene)s are generally rigid
polymers and show good oxygen permselectivities. In addition, they are soluble and suitable
as oxygen permeation membrane materials. Most of poly(substituted acetylene)s reported take
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cis-transoid conformation. On the other hand, the poly(substituted acetylene with two hydroxyl
groups)s we reported take cis-cisoid conformation [13–15]. As a result, they are expected to have a more
rigid backbone than cis-transoid poly(substituted acetylene)s. Therefore, cis-cisoid poly(substituted
acetylene)s are very promising as better oxygen permeation membrane materials if their processability
is good. In this paper, to discuss this factor—that is, the rigidity of the backbone—we compared the
two acetylene polymers having these different conformations.

In general, polymers obtained by the polymerization of monosubstituted acetylenes using a
(Rh(norbornadiene)Cl)2 (norbornadiene = nbd) catalytic system take a cis-transoidal loosely helical
conformation [16–19]. We have been reporting poly(phenylacetylene)s taking a cis-cisoidal tightly
helical conformation from monomers having two hydroxy groups, such as 4 (in Chart 1), using a
similar catalytic system [13,14]. The cis-cisoidal tightly helical conformation of poly(4) was kept by an
intramolecular hydrogen bond between the OH groups [14]. Although the monomer is very valuable,
because it is the only monomer to give such polymers, the structures of suitable monomers giving
such polymers are very limited. We also reported a phenylacetylene with two amido groups that can
make hydrogen bonds instead of hydroxy groups as the second suitable monomer [15]. Therefore, it is
important to find other suitable monomers having another functional groups that can make hydrogen
bonds instead of hydroxy groups.

Since amino groups can make hydrogen bonds similarly to hydroxyl groups, monomers having
amino groups are very promising. In addition, since amino groups are basic and important
functional groups, therefore, polymers with amino groups are also important as reagents, catalysts,
biocompatible or biodegradable materials, carbon dioxide permselective membranes, and so on [20–27].
However, the direct synthesis of amino group-containing poly(substituted acetylene)s by polymerizing
the corresponding amino group-containing monomers using a rhodium complex as a catalyst has
some problems. For example, the amino groups in monomers interact with the Rh catalyst so
strongly [28,29] that the polymerization can be disrupted to yield only low MW polymers. Even if the
polymerization proceeded, the resulting polymer should be insoluble due to the strong hydrogen bonds.
Therefore, amino groups should be protected before rhodium complex-catalyzed polymerization.
A carbamate group is a typical protecting group for amines, and it can weaken hydrogen bonds and
makes the monomer more hydrophobic. In addition, since it has C=O and NH groups, it can still
make hydrogen bonds. Therefore, carbamate group-containing poly(phenylacetylene)s can show
similar characteristics and better solubility and membrane-forming properties than amino-containing
poly(phenylacetylene)s. However, the solubility and the membrane-forming ability of polymers with
cis-cisoidal tightly helical conformations such as poly(4) were not the best, although they were applied
to oxygen permselective membranes [30]. It may be due to the tight cis-cisoidal helical main chain and
rigid rod structures inducing some crystalline domains [30].

In this study, in order to obtain carbamate group-containing poly(phenylacetylene)s having
cis-cisoid or cis-transoid main chains that show high solubility and good membrane-forming abilities,
we carried out the synthesis and polymerization of two kinds of novel phenylacetylene monomers—that
is, two new monomers with one carbamate group and two hydroxy groups (Figure 1, 1,2) and a new
monomer containing two carbamate groups and no hydroxy groups (Figure 1, 3). Then, we discuss
some properties as oxygen permeation materials, such as the solubility, membrane-forming ability,
and oxygen permeability of the resulting new polymers. The effects of the conformation of the polymer
main chains on the properties are discussed.
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Figure 1. Chemical structures of new one or two carbamate-containing phenylacetylenes (1–3) and
(3 and 5).

2. Materials and Methods

2.1. Materials

All the solvents used for synthesis and polymerization of the monomers were distilled as usual.
The polymerization initiator, (Rh(nbd)Cl)2 (nbd = 2,5 norbornadiene), purchased from Aldrich Chemical
(Tokyo, Japan), was used as received.

2.2. Measurements

1H NMR (400 MHz) spectra were recorded on a JEOL LEOLEX-400 spectrometer (JEOL, Akishima,
Japan). The average molecular weights (Mn and Mw) were evaluated by gel permeation chromatography
(GPC) by using JASCO liquid chromatography instruments (JASCO, Tokyo, Japan) with PU-2080,
DG- 2080-53, CO-2060, UV-2070, and two polystyrene gel columns (Shodex KF-807 L, tetrahydrofuran
(THF) eluent, polystyrene calibration, TCI, Tokyo, Japan). The infrared spectra (IR) were recorded
on FT-IR-4200 (JASCO) (JASCO, Tokyo, Japan). UV-vis spectra were measured with a JASCO V-550
spectropolarimeter (JASCO, Tokyo, Japan).

2.3. Synthesis of Monomer 1

2.3.1. N-Benzyloxycarbonyl-2-aminoethanol (10, m = 2)

Benzyl chloroformate (6.40 mL, 45.4 mmoL) in diethyl ether (14.0 mL) was added dropwise to
a solution of 2-aminoethanol (2.70 mL, 45.4 mmoL) in 10% aqueous Na2CO3 (54.0 mL) at 0 ◦C and
stirred for 1.5 h. The reaction mixture was acidified with 10% HCl at 0 ◦C to give precipitates that
were filtered and washed with H2O to give 10 as a white crystal. [31] Yield: 35.2% (3.06 g). 1H NMR
(400 MHz, CDCl3, TMS, δ): 7.32 (m, 5H, PhH), 5.15 (br, 1H, CH2NHCO), 5.09 (s, 2H, PhCH2OCO),
3.70 (q, 2H, OHCH2CH2), 3.35 (q, 2H, CH2CH2NH), 2.17 (br, 1H, CH2OH).

2.3.2. N-Benzyloxycarbonyl-2-bromoethylamine (11, m = 2)

A flask was charged with 10 (9.76 g, 50.0 mmoL), methanesulfonyl chloride (4.65 mL, 60.0 mmoL,),
and CH2Cl2 (150 mL). To this stirring solution, Et3N (9.01 mL, 65.0 mmoL) was added. Stirring was
continued for 45 min, and then, LiBr (43.5 g, 500 mmoL) and acetone (150 mL) were added. The reaction
mixture was stirred for an additional 21.5 h, and then, the solvents were removed by rotary evaporation.
The contents were partitioned between Et2O (100 mL) and H2O (65.0 mL), and the Et2O layer was
washed with brine, dried over anhydrous Na2SO4, filtered, evaporated to dryness, and got the brown
liquid product. Yield: 90.9% (2.98 g). [32] 1H NMR (400 MHz, CDCl3, TMS, δ): 7.35 (m, 5H, PhH),
5.18 (br, 1H, CH2NHCO), 5.10 (s, 2H, PhCH2OCO), 3.60 (q, 2H, CH2CH2NH), 3.45 (t, 2H, BrCH2CH2).
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2.3.3. 4-(N-Benzyloxycarbonyl-2-ethylamino)benzyloxy-3,5-bis(hydroxymethyl)phenylacetylene
(1, m = 2)

The solution of 11 (0.736 g, 2.87 mmoL), 9 (0.500 g, 2.81 mmoL), and potassium carbonate (0.620 g,
4.49 mmoL) in N,N-dimethyformamide (DMF) (15.0 mL) was refluxed for 48 h and cooled to room
temperature. Then, the mixture was filtered, and the solvent in the filtrate was removed by evaporation.
The crude product was purified by silica-gel column chromatography to give 1 as a white solid. Yield:
23.1% (0.231 g). Retention volumes (Rf) = 0.20 (ethyl acetate/hexane = 1/1). 1H NMR (400 MHz, CDCl3,
TMS, δ): 7.45 (s, 2H, PhH), 7.32 (m, 5H, PhH), 5.60 (br, 1H, CH2NHCO), 5.10 (s, 2H, PhCH2OCO),
4.62 (d, 4H, Ph(CH2OH)2), 4.01 (t, 3H, PhOCH2CH2), 3.58 (q, 2H, CH2CH2NH), 3.02 (s, 1H, HC≡C),
2.03 (t, 2H, Ph(CH2OH)2). IR (cm−1, KBr): 3380 (OH), 3311 (NH), 3298 (H–C≡), 1692 (C=O), 1267 (C–O),
1051 (C–N). (For the synthesis of 9, see S1.1–S1.4 in the Supporting Information.)

2.4. Synthesis of Monomer 2

2.4.1. N-(Benzyloxycarbonyl)-6-amino-1-hexanol (10, m = 6)

The synthesis procedure for N-(benzyloxycarbonyl)-6-amino-1-hexanol (10, m = 6) was similar to
N-benzyloxycarbonyl-2-aminoethanol (10, m = 2) to give a white crystal. Yield: 44.8% (4.82 g). 1H NMR
(400 MHz, CDCl3, TMS, δ): 7.35 (m, 5H, PhH), 5.08 (s, 2H, PhCH2OCO), 4.72 (br, 1H, CH2NHCO),
3.61 (q, 2H, HOCH2CH2), 3.19 (q, 2H, CH2CH2NH), 1.55–1.31 (m, 8H, HOCH2(CH2)4CH2).

2.4.2. N-(Benzyloxycarbonyl)-6-bromohexylamine (11, m = 6)

The synthesis procedure for N-(benzyloxycarbonyl)-6-bromohexylamine (11, m = 6) was similar
to N-benzyloxycarbonyl-2-bromoethylamine (11, m = 2) to give a brown crystal. Yield: 73.7% (2.30 g).
1H NMR (400 MHz, CDCl3, TMS, δ): 7.35 (m, 5H, PhH), 5.08 (s, 2H, PhCH2OCO), 4.72 (br, 1H,
CH2NHCO), 3.40 (t, 2H, BrCH2CH2), 3.17 (q, 2H, CH2CH2NH), 1.83(m, 2H, BrCH2CH2CH2), 1.55–1.31
(m, 6H, BrCH2CH2(CH2)3CH2).

2.4.3. 4-(N-Benzyloxycarbonyl-6-hexylamino)benzyloxy-3,5-bis(hydroxymethyl)phenylacetylene
(2, m = 6)

The synthesis procedure for monomer 2 was similar to monomer 1 to give a white solid. Yield:
32.2% (0.370 g). Rf = 0.30 (ethyl acetate/hexane = 1/1). 1H NMR (400 MHz, CDCl3, TMS, δ): 7.45 (s, 2H,
PhH), 7.32 (m, 5H, PhH), 5.07 (s, 2H, PhCH2OCO), 4.81 (br, 1H, CH2NHCO), 4.67(d, 4H, Ph(CH2OH)2),
3.85 (t, 2H, PhOCH2CH2), 3.20 (q, 2H, CH2CH2NH), 3.02 (s, 1H, HC≡C), 2.16 (t, 2H, Ph(CH2OH)2),
1.77 (m, 2H, PhOCH2CH2CH2), 1.52-1.36 (m, 6H, CH2(CH2)3CH2NH). IR (cm−1, KBr): 3380 (OH),
3356 (NH), 3304 (H–C≡), 1681 (C=O), 1268 (C–O), 1060 (C–N).

2.5. Synthesis of Monomer 3

2.5.1. 4-Dodecyloxy-3,5-bis(hydroxymethyl)phenylacetylene (4)

According to the literature [23], 4 was synthesized to give a white solid. Yield: 69.6% (1.25g).
Rf = 0.24 (ethyl acetate/hexane = 1/4). 1H-NMR(400MHZ, CDCl3, TMS, δ): 7.46 (s, 2H, PhH),
4.68 (d, 4H, Ph(CH2OH)2), 3.88 (t, 2H, OCH2CH2(CH2)9CH3), 3.00 (s, 1H, HC≡C), 1.96 (t, 2H,
(CH2OH)2), 1.79 (dm, 2H, OCH2CH2CH2), 1.50-1.20 (m, 18H, OCH2CH2(CH2)9CH3), 0.883 (t, 3H,
OCH2CH2(CH2)9CH3). IR (KBr): 3300 (OH), 3250 (H–C≡), 2840 (CH), 2095 (C≡C).

2.5.2. 4-Dodecyloxy-3,5-bis(bromomethyl)phenylacetylene (12)

The solution of 4 (1.00 g, 2.89 mmoL), carbon tetrabromide (3.26 g, 9.82 mmoL), and
triphenylphosphine (2.27 g, 8.67 mmoL) in dichloromethane (40.0 mL) was stirred at 0 ◦C for
4 h. Saturated solution of NaHCO3 was added to the mixture, and then, liquid–liquid separation was
carried out by tap funnel. The organic layer was dried over anhydrous MgSO4, evaporated, and the
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residue was purified by column chromatography to give a white solid. Yield: 77.0% (1.05 g). Rf = 0.17
(hexane). 1H NMR (400 MHz, CDCl3, TMS, δ): 7.50 (s, 2H, PhH), 4.49 (s, 4H, Ph(CH2Br)2), 4.09 (t, 2H,
OCH2CH2(CH2)9CH3), 3.06 (s, 1H, HC≡C), 1.89 (m, 2H, OCH2CH2(CH2)9CH3), 1.27–1.55 (m, 18H,
OCH2CH2(CH2)9CH3), 0.88 (t, 3H, OCH2CH2(CH2)9CH3).

2.5.3. 4-Dodecyloxy-3,5-bis(azidomethyl)phenylacetylene (13)

A solution of 12 (0.500 g, 1.06 mmoL) and NaN3 (275 mg, 4.24 mmoL) in DMF (4.50 mL) was
stirred at room temperature. After stirring of the mixture for 48 h at room temperature, the mixture
was poured into water and extracted with dichloromethane. The organic layer was washed with water,
brine, and dried over anhydrous MgSO4. The organic solvent was removed by evaporation, and the
crude product was purified by silica-gel column chromatography to give a pale-yellow oil. Yield: 95.0%
(403 mg) [33]. Rf = 0.4 (ethyl/hexane = 1/20). 1H NMR (400 MHz, CDCl3, TMS, δ): 7.50 (s, 2H,
PhH), 4.49 (s, 4H, Ph(CH2N3)2), 4.09 (t, 2H, OCH2CH2(CH2)9CH3), 3.06 (s, 1H, HC≡C), 1.89 (m, 2H,
OCH2CH2(CH2)9CH3), 1.27–1.55 (m, 18H, OCH2CH2(CH2)9CH3), 0.88 (t, 3H, OCH2CH2(CH2)9CH3).

2.5.4. 4-Dodecyloxy-3,5-bis(aminomethyl)phenylacetylene (5)

To a solution of 13 (400 mg, 1.01 mmoL) in THF (15.0 mL), a mixture of LiAlH4 (95.8 mg,
2.53 mmoL) and THF (10.0 mL) was added dropwise at 0◦ C. The mixture was stirred for 24 h at room
temperature. When the reaction finished, H2O was added dropwise at 0◦ C. A saturated aqueous
solution of NaOH (10.0 mL) was added dropwise to the mixture and stirred for 30 min. After the
mixture was filtered, the organic solvent was removed by evaporation. The crude product was washed
with a saturated solution of NaCl. The organic layer was dried over anhydrous MgSO4 and then
evaporated to give a yellow liquid. Yield: 91.5% (0.541 g) [33]. 1H NMR (400 MHz, CDCl3, TMS, δ):
7.36 (s, 2H, PhH), 3.81 (s, 4H, Ph(CH2NH2)2), 3.80(t, 2H, PhOCH2CH2), 3.00 (s, 1H, HC≡C), 1.81 (m, 2H,
PhOCH2CH2CH2), 1.57 (br, 4H, Ph(CH2NH2)2), 1.27–1.55 (m, 18H, OCH2CH2(CH2)9CH3), 0.88 (t, 3H,
OCH2CH2(CH2)9CH3).

2.5.5. 4-Dodecyloxy-3,5-bis(tert-butoxycarbonylamino)) Phenyl Acetylene (3)

A THF (12 mL) solution of 5 (20 mg, 0.058 mmoL), di-tert-butyl dicarbonate ((Boc)2O) (27.9 mg,
0.128 mmoL), and 4-dimethylaminopyridine (DMAP) (0.7 mg) was refluxed for 6 h and then cooled
to room temperature. THF was removed by evaporation, and the crude product was purified by
silica-gel column chromatography to give monomer 3 as a white solid. Yield: 25.3% (7.10 mg). Rf = 0.45
(hexane/ethyl acetylene = 4/1). 1H NMR (400 MHz, CDCl3, TMS, δ): 7.34 (s, 2H, PhH), 4.84 (br, 2H,
Ph(CH2NHCO)2), 4.32 (d, 4H, Ph(CH2NH)2), 3.77 (t, 2H, PhOCH2CH2), 3.01 (s, 1H, HC≡C), 1.80 (m, 2H,
OCH2CH2CH2), 1.44 (s, 18H, ((OCH3)3)2), 1.27-1.55 (m, 18H, CH2(CH2)9CH3), 0.88 (t, 3H, CH2CH3).
IR (cm−1, KBr): 3370 (NH), 3298 (≡C–H), 1691 (C=O), 1480 (CH), 1168 (C–O), 1096 (C–N).

2.6. Polymerization of Monomers 1–3

A typical procedure for 1 was as follows (Schemes 1 and 2): A dry THF (0.350 mL) solution of
(Rh(nbd)Cl)2 (0.322 mg, 0.700 µmol) and 1-phenethylamine (PEA) (17.9 µL, 0.141 mmoL) was added to
a dry THF (0.350 mL) solution of 1 (25.0 mg, 0.070 mmoL). The reaction solution was stirred at room
temperature for 8 h. The crude polymer was purified by reprecipitation of the THF solution into a
large amount of methanol, and the formed solid was dried in vacuo to give poly(1).
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Other polymerizations of monomers 2 and 3 were carried out similarly. (Figures S1–S20)

Poly(1) 1 H NMR(400 MHz, dimethylsulfoxide-d6 (DMSO-d6), δ): 7.37 (br, PhH), 6.68 (br, cis
proton in the main chain), 5.70 (br, CH2NHCO), 5.07–4.63 (br, PhCH2OCO, Ph(CH2OH)2),
4.28 (br, Ph(CH2OH)2). IR (cm−1, KBr): 3334 (NH, OH), 1690 (C=O), 1480 (CH), 1261 (C–O),
1096 (C–N).

Poly(2) 1 H NMR(400 MHz, DMSO-d6, δ): 7.38–7.27 (br, PhH), 6.73 (br, cis proton in the main chain),
5.76 (br, CH2NHCO), 5.29–4.68 (br, PhCH2OCO, Ph(CH2OH)2), 4.33 (br, Ph(CH2OH)2),
3.04 (br, CH2CH2NH, PhOCH2CH2,), 1.46–1.30 (t, 6H, CH2(CH2)3NH). IR (cm−1, KBr): 3334
(NH, OH), 1690 (C=O), 1480 (CH), 1261 (C–O), 1096 (C–N).

Poly(3) 1 H NMR(400 MHz, CDCl3, TMS, δ): 7.50 (br, PhH), 5.10 (br, Ph(CH2NHCO)2), 3.48 (br,
Ph(CH2NH)2, PhOCH2CH2), 2.02 (br, PhOCH2CH2CH2), 1.66–1.54 (br, ((OCH3)3)2), 1.23–1.09
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(br, CH2(CH2)9CH3), 0.86 (br, CH2CH3). IR (cm−1, KBr): 3370 (N–H), 1691 (C=O), 1480 (CH),
1168 (C–O), 1096 (C–N).

2.7. Membrane Preparation

A typical membrane fabrication method for poly(1) was as follows: A solution of the poly(1)
(0.060-10.0 wt%) in DMF (40.0 mg/mL) was cast on a poly(tetrafluoroethylene) sheet (4 cm2).
After evaporating of the solvent for 12 h at 25 ◦C, the membranes were detached from the sheet and
dried in a vacuum oven for 24 h at 60 ◦C. Thickness (L) of the membranes was 50.0–80.0 µm ± 0.5 µm.
Other polymer membranes were prepared similarly.

2.8. Estimation of Polymers as Oxygen Permeation Membranes

2.8.1. Membrane Strength

Maximum flexural stresses (σ/kPa) of membranes were calculated according to the following
equation:

σ =
3FL
2bd2 (1)

where F, L, b, and d are the load, length of the support span, width of membrane, and thickness of
membrane, respectively (Figure S21).

2.8.2. Oxygen Permeation

Oxygen and nitrogen permeability coefficients (PO2 and PN2: cm3(STP) · cm · cm−2
· s−1

· cmHg−1)
(STP = standard temperature and pressure) and the oxygen separation factor (α = PO2/PN2) were
measured by a gas chromatographic method by using YANACO GTR-10, according to reference [34].
The PO2 and PN2 were calculated by the following equation:

P =
Q× L

A× ∆P× t
(2)

where Q, L, A, ∆P, and t are the amount of the permeated gas, the thickness of the membrane, the
permeation area of the membrane, the pressure difference across the membrane, and the permeation
time, respectively. Disc-type membranes were used. The A and L of the membranes were 3.14 cm2 and
around 60-80 µm, respectively. The ∆P was 1 atm, and the measurement temperature was 25 ◦C.

The diffusion coefficient (D: cm2
·σ−1) was calculated by the time-lag method represented by

D = L 2/6θ, where L (cm) is the thickness of the membrane, and θ(s) is the time-lag.

3. Results and Discussion

3.1. Synthesis of Monomers 1–3

To obtain polymers having one or two carbarmate groups, two different types of new
phenylacetylene monomers were synthesized according to Schemes 1 and 2. The first type of
the monomers contains two hydroxy groups and one carbarmate group (Figure 1, 1,2). By five-step
reactions from 4-bromophenol, monomers 1 and 2 were synthesized successfully (Scheme 1). The two
novel monomers were purified by silica-gel column chromatography, and the total yields of monomers
1 and 2 were 5.5% and 7.7%, respectively. The second type of the novel monomers contains two
carbarmate groups (Figure 1, 3). It was synthesized by a four-step reaction from 4 according to our
previous report [13] (Scheme 2). Monomer 3 was purified by silica-gel column chromatography, and
the total yield was 7.6%. In addition, monomer 5 was synthesized from 4 by a three-step reaction and
was purified by vacuum-drying as a yellow liquid in a total yield of 69.2% (Scheme 2). The polarity of
the monomers showed a significant impact on the polymerization results, such as yields, solubility,
membrane-forming ability, and so on (Tables 1 and 2). The decreasing order of polarity of the five
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monomers was 5 > 1 > 2 > 4 > 3, judging from the retention volumes (Rf) of the monomers on the
silica-gel thin-layer chromatography (TLC) using ethyl acetate/hexane (1/1) as an eluent (Table 1).
When the two hydroxy (in monomer 4) or amino groups (in monomer 5) were replaced with two
carbamate groups, the polarity of the monomer (monomer 3) decreased largely.

Table 1. The polymerization results of monomers 1–5 a.

No. Monomer b Rf
c Solvent Yield (%) d Mw (×106) e Mw/Mn

e

1 1 0.20 THF 52.4 4.80 2.32
2 2 0.30 THF 38.0 1.40 6.50
3 3 0.93 toluene 72.4 2.90 4.31
4 4 0.80 toluene 43.2 3.10 5.40
5 5 0.00 toluene 4.60 - f - f

a At room temperature for 8 h, (Monomer) = 0.100 mol/L, (Monomer)/((Rh[nbd]Cl)2) = 100,
and ((Rh[nbd]Cl)2)/(1-phenethylamine) = 1/200. b For the codes, see Chart 1. c Retention volumes of the
monomers on silica-gel thin-layer chromatography (TLC) using eltylacetate/hexane = 1/1 as an eluent. d Methanol
insoluble part. e Determined by the gel permeation chromatography (GPC) correlating polystyrene standard with a
THF eluent. f No data due to insolubility of the polymer (Table 2).

Table 2. Solubility of poly(1)–poly(5) and the characterization of their membranes.

No. Polymer
Solubility a

Membrane-Forming
Ability b

Maximum Flexural
Stress (×103) (σ/KPa) c Color d

Toluene THF DMF

1 poly(1) − + + + e 0.968 deep red
2 poly(2) − + + ++ e 2.40 deep red
3 poly(3) ++ ++ − +++ f 53.6 orange
4 poly(4) + + − + f 4.29 deep red
5 poly(5) − − − −

g
−

g yellow h

a ++: Highly soluble, +: soluble, and -: insoluble. b +++: Tough, ++: flexible, and +: brittle. c See Figure S21.
d In a membrane state (see Figure 2). e The membranes were fabricated by solvent cast using a DMF solution.
f The membranes were fabricated by solvent cast using a toluene solution. g No data due to the insolubility. h In a
powder state.
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3.2. Synthesis of poly(1)–poly(3)

Monomers 1–3 were polymerized by using (Rh(nbd)Cl)2/1-phenethylamine(PEA)
(nbd = norbornadiene) as a catalytic system to give poly(1)–poly(3) (Schemes 1 and 2). The polymerization
results are shown in Table 1. The yields of the resulting polymers were 38.0–72.4%, and they had
very high molecular weights of 1.4–4.8 × 106. Polymerization yields of 1 and 2, which contain two
hydroxy groups and one carbarmate group, were lower (Table 1, 1,2, 52.4% and 38.0%) than that of
3, which has two carbarmate groups instead of two hydroxy groups (Table 1, 3, 72.4%). This result
may be because the high polarity of 1 and 2 decreased the efficiency of the rhodium catalytic system
during the polymerization. In addition, the solubility of the monomers and polymers of 1 and 2 were
lower than that of 3. It may be another reason for the low yields of poly(1) and poly(2). The yield of
poly(4) was lower similar than those for poly(1) and poly(2) due to the two hydroxy groups (Table 1, 4,
43.2%). For poly(5), the yield was quite low; only 4.6% of the monomer was converted to the polymer
(Table 1, 5). Since monomer 5 has two amino groups, it may be interacting with the rhodium catalyst
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to prevent the polymerization. Due to the high polarity, the resulting poly(5) was insoluble in the
common solvent.

3.3. Effects of the Main Chain Conformation on the Solubility and Membrane Strengths

The three new synthetic polymers (poly(1)–poly(3)) showed different solubilities, as shown in
Table 2. Poly(1) and poly(2) have two hydroxy groups and one carbamate group in the monomer
unit and different lengths of methylene spacers (m) between the carbamate and phenoxy group.
They showed low solubility in THF and DMF and insolubility in toluene. On the other hand,
poly(3), which has two carbamate groups instead of the two hydroxy groups in poly(1) and poly(2),
showed good solubility not only in THF but, also, in toluene (Table 2, 3). Judging from the solubilities
for the polymers and Rf values for the monomers in the TLC analysis (Table 1), 3 and poly(3) were
more hydrophobic than 1 and poly(1) and 2 and poly(2).

Poly(1)–poly(3) showed different membrane-forming abilities, as shown in Table 2. Although
self-standing membranes could be fabricated from the DMF solution of poly(1) and poly(2), they were
brittle and weak. The maximum flexural stresses for poly(1) and poly(2) were 0.968 and 2.40 × 103 KPa
(Table 2, 1,2), respectively. Since poly(2) showed a little better membrane-forming ability than poly(1),
the longer spacer (m = 6) in poly(2) enhanced the flexibility. On the other hand, the membrane strength
of poly(3) was much higher (the maximum flexural stress was 53.6 × 103 KPa) and 55 times higher
than that of poly(1) (Table 2, 3).

Since poly(1) and poly(2) membranes having carbamate groups showed the same red color as
poly(4) having no carbamate groups (Table 2 and Figure 2), the main chains of the two new polymers
having two hydroxy groups in the monomer unit had a very tight cis-cisoid conformation similar
to poly(4) [16–19]. We previously reported that this conformation tended to decrease the solubility
of the polymers and flexibility of the polymer membranes. On the other hand, poly(3) having no
hydroxy groups and carbamate groups was orange (Table 2). It was suggested that the polymer
had a more extended and flexible cis-transoid conformation, which tended to increase the solubility
of the polymers and flexibility of the polymer membranes. In order to confirm the main chain
conformations of the three new polymers having one or two carbamate groups (poly(1), poly(2),
and poly(3)), UV-vis spectra were measured for them, together with poly(4) having no carbamate
groups (Figure 3). Since poly(1) and poly(2) showed a similar UV-vis pattern to poly(4), whose main
chain had a very tight cis-cisoid conformation maintained by intramolecular hydrogen bonds reported
by our group [13,14], we concluded that poly(1) and poly(2) took very tight cis-cisoid conformations.
On the other hand, the UV-vis spectrum of poly(3) showed different absorption bands from those of
poly(1) and poly(2). The peak around 480nm indicates that the main chain of poly(3) consists of a more
extended and flexible cis-transoid conformation (Appendix A, 1st item).
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In order to discuss hydrogen bonds that can support the very tight cis-cisoid conformations in the
new polymers, the IR spectra of poly(1) and poly(2), together with poly(4), which has two hydroxy
groups in its monomer unit, were measured in CHCl3 (2.00 mmoL/L) (Figure 4). The stretching vibration
bands of O–H were observed around 3336 and 3337cm−1 for poly(1) and poly(2), respectively. Since they
were similar to the stretching vibration band of O–H for poly(4) having no carbamate groups, it is
suggested that poly(1) and poly(2) also have similar hydrogen bonds to poly(4). Therefore, they could
have cis-cis conformation. In order to discuss hydrogen bonds between the carbamate groups in
poly(3), the IR spectra in CHCl3 were measured in different concentrations (0.50–8.0 mmoL/L) (Figure 5).
No intramolecular hydrogen bonds were found, because the stretching vibration band of N–H around
3361 cm−1 has almost no shift by changing the concentration. Therefore, poly(3) could not take a
very tight cis-cisoid conformation supported by hydrogen bonds between the carbamate groups,
and instead, took a more extended and flexible cis-transoid conformation.
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In conclusion, poly(3) had the best solubility and the best membrane-forming ability among
the three new polymers, because it had a flexible cis-transoid conformation without hydrogen
bonds, while poly(1) and poly(2) had less solubility and less membrane-forming abilities than
poly(3), because they had rigid cis-cisoid conformations maintained by hydrogen bonds (Appendix A,
2nd item). In addition, the polarity of the polymers also affected the solubility. Poly(1) and poly(2)
having two hydroxy groups showed higher polarity than poly(3). Therefore, the solubility and the
membrane-forming ability of poly(3) was the best.

3.4. Oxygen Permeability of the Membranes from the New Polymers

The oxygen and nitrogen permeability coefficients (PO2 and PN2) through the membranes
of polyphenylacetylenes (poly(2) and poly(3)) having one or two carbamate groups were newly
determined, as shown in Table 3 and Figure S22. (Poly(1) was too weak to resist one atom pressure
difference during the oxygen permeation measurement.) The polymer membranes of poly(2) and
poly(3) showed much higher permeability coefficients (PO2 = 188 and 420, respectively) than that of
poly(4) (PO2 = 3.09) having no carbamate group. Poly(3) showed about 135 times higher PO2 than
poly(4) and about 2.2 times higher PO2 than poly(2). In other words, by introducing one relatively
hydrophobic carbamate group to poly(4), poly(2) had a much higher PO2 than poly(4), and by replacing
two hydroxy groups in poly(4) with two relatively bulky carbamate groups, poly(3) had a much higher
PO2 than poly(4). In addition, poly(2) and poly(3) having higher PO2 than poly(4) showed only a small
drop in oxygen permselectivity (PO2/PN2) compared with poly(4) (See Table 3 and Figure S22).

Table 3. Oxygen permeation behavior of the membranes of poly(2)–poly(4) a.

No. Membrane a PO2 (Barrer) b PO2/PN2 DO2
c DO2/DN2 SO2

d SO2/SN2

1 poly(2) 188 2.56 11.6 1.05 16.1 2.44
2 poly(3) 420 2.70 184 1.06 2.28 2.54
3 poly(4) 3.09 3.04 3.41 1.25 0.909 2.44

a For the codes, see Chart 1. b 1 barrer = 10−10 cm3(STP) cm cm−2 s−1 cmHg−1. c In × 10−8 cm2/s. d In × 10−2

cm3(STP) cm3 cmHg−1.

To discuss the reason for this change in PO2 and PO2/PN2, the oxygen diffusion coefficient (DO2)
and DO2/DN2 values were determined from the time lags (Table 3). The higher PO2 values of the poly(2)
and poly(3) membranes were caused by the higher DO2 values. Since the PO2/PN2 values mainly
depend not on DO2/DN2 values, which were almost a unit (=1.0), but SO2/SN2 values, which were almost
the same (=2.5), the PO2/PN2 values (=DO2/DN2 x SO2/SN2) did not change largely. In other words,
the permeability depends on the diffusivity, and the selectivity depends on the solution selectivity
(Figure S23).

In conclusion, poly(3) taking a cis-transoid conformation gave a higher PO2 because of a higher
DO2 than poly(2) and poly(4) taking cis-cisoid conformations. The three polymers showed similar
PO2/PN2 values, because PO2/PN2 mainly depend on SO2/SN2, which were almost similar among the
three polymers.

4. Conclusions

Three new phenylacetylene monomers (1–3) having one or two carbamate groups were
successfully synthesized, and they gave polymers in 38.0–72.4% yields by polymerization using
(Rh(norbornadiene)Cl)2 as a catalyst (Appendix A, 3rd item). The polymers had very high average
molecular weights (Mw) of 1.4–4.8 × 106, with different solubility and membrane-forming abilities.
Poly(3) having two carbamate groups and no hydroxy groups in the monomer unit showed the best
solubility and membrane-forming ability among the three new polymers. In addition, the oxygen
permeability coefficient (PO2) of the membrane of poly(3) was 420 barrer, which was more than
135 times higher than that of poly(4) having no carbamate group and hydroxy groups with maintaining
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a similar oxygen permselectivity (PO2/PN2). The better performance in membrane-forming ability
and oxygen permeability for poly(3) may be caused by the more extended and flexible cis-transoid
conformations and lower polarity (Figures S24 and S25). In other words, a higher solubility gave good
dense membranes without defects. On the other hand, the other two polymers having one carbamate
group and two hydroxy groups in the monomer unit (poly(1) and poly(2)) showed less performance in
membrane-forming abilities and oxygen permeabilities. It may be caused by a very tight cis-cisoid
conformation that was maintained by intramolecular hydrogen bonds and a higher polarity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/10/9/199/s1:
Synthesis of compounds 6–9. Scheme S1: Polymerization of poly(4) and poly(5). Figures S1–S13: 1H NMR spectra
of monomers and polymers. Figures S14–S19: IR spectra of monomers and polymers. Figure S20: UV spectra of
monomers. Figure S21: Measurement of a maximum flexural stress (σ/pa). Figure S22: Relationship between α
and PO2 through the membranes of poly(2)–poly(4). Figure S23: The possible separation mechanism of O2/N2
through the membranes. Figure S24: XRD of poly(3) and poly(4) in membrane state. Figure S25: The SEM images
of (a) poly(4) and (b) poly(3) membranes.
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Appendix A

1. We have previously reported these cis-cisoid and cis-transoid conformation can be determined
by UV-vis spectroscopy because the conjugation length of the former is shorter than that of the
latter [13,14,18,19]. For the extensive consideration, see Ref. [19].

2. If these polymers made hydrogen bonds intermolecularly, it also affected their solubility largely.
However, we have already reported that these polymers from the monomers having two hydroxy
groups (such as 1, 2 and 4) had intramolecular hydrogen bonds because the long alkyl groups could
prevent from forming intermolecular hydrogen bonds. Therefore, the effects of the intermolecular
hydrogen bonds on the solubility is thought to be not large.

3. Since the synthesis of these monomers needed multi-step synthesis, the total yields were not high
(5.5–7.7%).

References

1. Ito, T.; Shirakawa, H.; Ikeda, S. Simultaneous polymerization and formation of polyacetylene film on the
surface of concentrated soluble Ziegler-type catalyst solution. J. Polym. Sci. Part A Polym. Chem. 1974, 12,
11–20. [CrossRef]

2. Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.J. Synthesis of electrically conducting
organic polymers: Halogen derivatives of polyacetylene, (CH)x. J. Chem. Soc. Chem. Commun. 1977, 578–580.
[CrossRef]

3. Chiang, C.K.; Fincher, C.R.; Park, Y.W.; Heeger, A.J.; Shirakawa, H.; Louis, E.J.; Gau, S.C.; MacDiarmid, A.G.
Electrical conductivity in doped polyacetylene. Phys. Rev. Lett. 1977, 39, 1098–1101. [CrossRef]

4. MacDiarmid, A.G. “Synthetic metals”: A novel role for organic polymers (Nobel Lecture). Angew. Chem.
Int. Ed. 2001, 40, 2581–2590. [CrossRef]

5. Shirakawa, H. The discovery of polyacetylene film: The dawning of an era of conducting polymers
(Nobel Lecture). Angew. Chem. Int. Ed. 2001, 40, 2574–2580. [CrossRef]

6. Heeger, A.J. Semiconducting and metallic polymers: The fourth generation of polymeric materials
(Nobel Lecture). Angew. Chem. Int. Ed. 2001, 40, 2591–2611. [CrossRef]

7. Alagi, K. Helical polyacetylene: Asymmetric polymerization in a chiral liquid-crystal field. Chem. Rev. 2009,
109, 5354–5401.

http://www.mdpi.com/2077-0375/10/9/199/s1
http://dx.doi.org/10.1002/pol.1974.170120102
http://dx.doi.org/10.1039/c39770000578
http://dx.doi.org/10.1103/PhysRevLett.39.1098
http://dx.doi.org/10.1002/1521-3773(20010716)40:14&lt;2581::AID-ANIE2581&gt;3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20010716)40:14&lt;2574::AID-ANIE2574&gt;3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20010716)40:14&lt;2591::AID-ANIE2591&gt;3.0.CO;2-0


Membranes 2020, 10, 199 13 of 14

8. Liu, J.; Lam, J.W.Y.; Tang, B.Z. Acetylenic polymers: Syntheses, structures, and functions. Chem. Rev. 2009,
109, 5799–5867. [CrossRef]

9. Rudick, J.G.; Percec, V. Induced helical backbone conformations of self-organizable dendronized polymers.
Acc. Chem. Res. 2008, 41, 1641–1652. [CrossRef]

10. Percec, V.; Aqad, E.; Peterca, M.; Rudick, J.G.; Lemon, L.; Ronda, J.C.; De, B.B.; Heiney, P.A.; Meijer, E.W.
Steric communication of chiral information observed in dendronized polyacetylenes. J. Am. Chem. Soc. 2006,
128, 16365–16372. [CrossRef]

11. Yashima, E.; Maeda, K.; Iida, H.; Furusho, Y.; Nagai, K. Helical polymers: Synthesis, structures, and functions.
Chem. Rev. 2009, 109, 6102–6211. [CrossRef] [PubMed]

12. Shiotsuki, M.; Sanda, F.; Masuda, T. Polymerization of substituted acetylenes and features of the formed
polymers. Polym. Chem. 2011, 2, 1044–1058. [CrossRef]

13. Motoshige, R.; Mawatari, Y.; Motoshige, A.; Yoshida, Y.; Sasaki, T.; Yoshimizu, H.; Suzuki, T.; Tsujita, Y.;
Tabata, M. Mutual conversion between stretched and contracted helices accompanied by a drastic change in
color and spatial structure of poly(phenylacetylene) prepared with a [Rh(nbd)Cl]2-amine catalyst. J. Polym.
Sci. Part A Polym. Chem. 2014, 52, 752–759. [CrossRef]

14. Wang, J.; Li, J.; Aoki, T.; Kaneko, T.; Teraguchi, M.; Shi, Z.; Jia, H. Subnanoporous highly oxygen pemselective
membranes from poly(conjugated hyperbranched macromonomer)s synthesized by one-pot simultaneous
two-mode homopolymerization of 1,3-bis(silyl)phenylacetylene using a single Rh catalytic system: Control
of their structures and pemselectivities. Macromolecules 2017, 50, 7121–7136.

15. Liu, L.; Zhang, G.; Aoki, T.; Wang, Y.; Kaneko, T.; Teraguchi, M.; Zhang, C.; Dong, H. Synthesis of one-handed
helical block copoly(substituted acetylene)s consisting of dynamic cis-transoidal and static cis-cisoidal block:
Chiral teleinduction in helix-sense-selective polymerization using a chiral living polymer as an initiator.
ACS Macro Lett. 2016, 5, 1381–1385. [CrossRef]

16. Jin, Y.; Aoki, T.; Kwak, G. Control of intamolecular hydrogen bonding in a conformation-switchable helical
spring polymer by solvent and temperature. Angew. Chem. Int. Ed. 2020, 59, 1837–1844. [CrossRef] [PubMed]

17. Aoki, T.; Kaneko, T.; Maruyama, N.; Sumi, A.; Takahashi, M.; Sato, T.; Teraguchi, M. Helix-sense-selective
polymerization of phenylacetylene having two hydroxy groups using a chiral catalytic system. J. Am.
Chem. Soc. 2003, 125, 6346–6347. [CrossRef] [PubMed]

18. Liu, L.; Namikoshi, T.; Zang, Y.; Aoki, T.; Hadano, S.; Abe, Y.; Wasuzu, I.; Tsutsuba, T.; Teraguchi, M.;
Kaneko, T. Top-down preparation method of self-supporting supramolecular polymeric membranes using
highly selective photocyclicaromatization of cis-cisoid helical poly(phenylacetylene)s in membrane state.
J. Am. Chem. Soc. 2013, 135, 602–605. [CrossRef]

19. Teraguchi, M.; Aoki, T.; Kaneko, T.; Tanioka, D. Helix-sense-selective polymerization of achiral
phenylacetylenes with two N-alkylamide groups to generate the one-handed helical polymers stabilized by
intramolecular hydrogen bonds. ACS Macro Lett. 2012, 1, 1258–1261. [CrossRef]

20. Sanda, F.; Endo, T. Syntheses and functions of polymers based on amino acids. Macromol. Chem. Phys. 1999,
200, 2651–2661. [CrossRef]

21. Bauri, K.; Roy, S.G.; De, P. Side-chain amino-acid-derived cationic chiral polymers by controlled radical
polymerization. Macromol. Chem. Phys. 2015, 217, 365–379. [CrossRef]

22. Suyama, K.; Shirai, M. Photobase generators: Recent progress and application trend in polymer systems.
Prog. Polym. Sci. 2009, 34, 194–209. [CrossRef]

23. Guo, X.; Facchetti, A.; Marks, T.J. Imide-and amide-functionalized polymer semiconductors. Chem. Rev.
2014, 114, 8943–9021. [CrossRef] [PubMed]

24. Gao, G.; Sanda, F.; Masuda, T. Synthesis and properties of amino acid-based polyacetylenes. Macromolecules
2003, 36, 3932–3937. [CrossRef]

25. Sogawa, H.; Shiotsuki, M.; Sanda, F. α-Propargyl amino acid-derived optically active novel substituted
polyacetylenes: Synthesis, secondary structures, and responsiveness to ions. J. Polym. Sci. Part A Polym. Chem.
2012, 50, 2008–2018. [CrossRef]

26. Shirakawa, Y.; Suzuki, Y.; Terada, K.; Shiotsuki, M.; Masuda, T.; Sanda, F. Synthesis and secondary structure
of poly(1-methylpropargyl-N-alkylcarbamate)s. Macromolecules 2010, 43, 5575–5581. [CrossRef]

27. Liu, R.; Shiotsuki, M.; Masuda, T.; Sanda, F. Synthesis and chiroptical properties of
hydroxyphenylglycine-based poly(m-phenyleneethynylene-p-phenyleneethynylene)s. Macromolecules 2009,
42, 6115–6122. [CrossRef]

http://dx.doi.org/10.1021/cr900149d
http://dx.doi.org/10.1021/ar800086w
http://dx.doi.org/10.1021/ja0665848
http://dx.doi.org/10.1021/cr900162q
http://www.ncbi.nlm.nih.gov/pubmed/19905011
http://dx.doi.org/10.1039/C0PY00333F
http://dx.doi.org/10.1002/pola.27065
http://dx.doi.org/10.1021/acsmacrolett.6b00809
http://dx.doi.org/10.1002/anie.201910269
http://www.ncbi.nlm.nih.gov/pubmed/31736245
http://dx.doi.org/10.1021/ja021233o
http://www.ncbi.nlm.nih.gov/pubmed/12785756
http://dx.doi.org/10.1021/ja3113214
http://dx.doi.org/10.1021/mz300309c
http://dx.doi.org/10.1002/(SICI)1521-3935(19991201)200:12&lt;2651::AID-MACP2651&gt;3.0.CO;2-P
http://dx.doi.org/10.1002/macp.201500271
http://dx.doi.org/10.1016/j.progpolymsci.2008.08.005
http://dx.doi.org/10.1021/cr500225d
http://www.ncbi.nlm.nih.gov/pubmed/25181005
http://dx.doi.org/10.1021/ma021738z
http://dx.doi.org/10.1002/pola.25975
http://dx.doi.org/10.1021/ma100937k
http://dx.doi.org/10.1021/ma900910k


Membranes 2020, 10, 199 14 of 14

28. Saeed, I.; Khan, F.Z.; Shiotsuki, M.; Masuda, T. Synthesis and properties of carbamate- and amine-containing
poly(phenylacetylenes). J. Polym. Sci. Part A Polym. Chem. 2009, 47, 1853–1863. [CrossRef]

29. Sanda, F.; Yukawa, Y.; Masuda, T. Synthesis and properties of optically active substituted polyacetylenes
having carboxyl and/or amino groups. Polymer 2004, 45, 849–854. [CrossRef]

30. Zang, Y.; Aoki, T.; Teraguchi, M.; Kaneko, T.; Ma, L.; Jia, H. Synthesis and oxygen permeation of novel
polymers of phenylacetylenes having two hydroxyl groups via different lengths of spacers. Polymer 2015, 56,
199–206. [CrossRef]

31. Yamada, Y.K.; Okada, C.; Yoshida, K.; Umeda, Y.; Arima, S.; Sato, N.; Kai, T.; Takayanagi, H.; Harigaya, Y.
Convenient synthesis of 7’ and 6’-bromo-D-tryptophan and their derivatives by enzymatic optical resolution
using D-aminoacylase. Tetrahedron 2002, 58, 7851–7861. [CrossRef]

32. Carrasco, M.R.; Alvarado, C.I.; Dashner, S.T.; Wong, A.J.; Wong, M.A. Synthesis of aminooxy and
N-alkylaminooxy amines for use in bioconjugation. J. Org. Chem. 2010, 75, 5757–5759. [CrossRef]
[PubMed]

33. Nativi, C.; Francesconi, O.; Gabrielli, G.; Simone, I.D.; Turchetti, B.; Mello, T.; Mannelli, L.D.C.;
Ghelardini, C.; Buzzini, P.; Roelens, S. Aminopyrrolic synthetic receptors for monosaccharides: A class of
carbohydrate-binding agents endowed with antibiotic activity versus pathogenic yeasts. Chem. Eur. J. 2012,
18, 5064–5072. [CrossRef] [PubMed]

34. Zang, Y.; Aoki, T.; Shoji, K.; Teraguchi, M.; Kaneko, T.; Ma, L.; Jia, H.; Miao, F. Synthesis and oxygen permeation
of novel well-defined homopoly(phenylacetylene)s with different sizes and shapes of oligosiloxanyl side
groups. J. Membrane Sci. 2018, 56, 26–38. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/pola.23278
http://dx.doi.org/10.1016/j.polymer.2003.11.044
http://dx.doi.org/10.1016/j.polymer.2014.11.042
http://dx.doi.org/10.1016/S0040-4020(02)00909-2
http://dx.doi.org/10.1021/jo101066c
http://www.ncbi.nlm.nih.gov/pubmed/20704452
http://dx.doi.org/10.1002/chem.201103318
http://www.ncbi.nlm.nih.gov/pubmed/22392883
http://dx.doi.org/10.1016/j.memsci.2018.04.031
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Measurements 
	Synthesis of Monomer 1 
	N-Benzyloxycarbonyl-2-aminoethanol (10, m = 2) 
	N-Benzyloxycarbonyl-2-bromoethylamine (11, m = 2) 
	4-(N-Benzyloxycarbonyl-2-ethylamino)benzyloxy-3,5-bis(hydroxymethyl)phenylacetylene (1, m = 2) 

	Synthesis of Monomer 2 
	N-(Benzyloxycarbonyl)-6-amino-1-hexanol (10, m = 6) 
	N-(Benzyloxycarbonyl)-6-bromohexylamine (11, m = 6) 
	4-(N-Benzyloxycarbonyl-6-hexylamino)benzyloxy-3,5-bis(hydroxymethyl)phenylacetylene (2, m = 6) 

	Synthesis of Monomer 3 
	4-Dodecyloxy-3,5-bis(hydroxymethyl)phenylacetylene (4) 
	4-Dodecyloxy-3,5-bis(bromomethyl)phenylacetylene (12) 
	4-Dodecyloxy-3,5-bis(azidomethyl)phenylacetylene (13) 
	4-Dodecyloxy-3,5-bis(aminomethyl)phenylacetylene (5) 
	4-Dodecyloxy-3,5-bis(tert-butoxycarbonylamino)) Phenyl Acetylene (3) 

	Polymerization of Monomers 1–3 
	Membrane Preparation 
	Estimation of Polymers as Oxygen Permeation Membranes 
	Membrane Strength 
	Oxygen Permeation 


	Results and Discussion 
	Synthesis of Monomers 1–3 
	Synthesis of poly(1)–poly(3) 
	Effects of the Main Chain Conformation on the Solubility and Membrane Strengths 
	Oxygen Permeability of the Membranes from the New Polymers 

	Conclusions 
	
	References

